Background--Advanced heart failure is linked with structural and functional alterations in the brain. It is unclear whether a graded decrease in cardiac function puts older subjects at risk for brain aging. We investigated the association between cardiac hemodynamics and features of brain aging in community-dwelling older subjects.
S
tructural and functional integrity of the brain depends on adequate and constant supply of oxygen and nutrients through cerebral blood flow.
1 Chronic cerebral hypoperfusion has been shown to play a key role in development of age-related brain pathologies in animal models. 2 Animal models with decreased cerebral blood flow carry a higher risk for neuronal injury and death, blood-brain barrier disruption, cerebrovascular pathologies, and cognitive deficit. [3] [4] [5] [6] Congestive heart failure has a well-established association with decline in cerebral blood flow. 7 Hence, patients with heart failure have been described as human models for studying the impact of cerebral hypoperfusion on abnormal brain aging. 8 Different lines of evidence indicate that patients with heart failure are at a higher risk for structural and functional brain abnormalities and interventions to improve cardiac functioning might lead to neurocognitive benefits in these patients. [9] [10] [11] Recently, it has been hypothesized that early disturbances in cardiac functioning, as reflected in cardiac hemodynamics, should also be considered as a risk factor for abnormal brain aging. 8 A few studies investigated this hypothesis, however the interpretation of their findings is hampered because of methodological limitations such as assessment of brain outcomes years before cardiac measurements or evaluating cardiac function with parameters that only measure systolic function of the heart. 12, 13 In addition, these studies were mainly conducted in middle age or young old people. Given the scarcity of comprehensive data on the link between suboptimal changes in cardiac functioning and features of brain aging in community-dwelling older subjects, we aimed to investigate the association of cardiac hemodynamics with structural and functional features of brain aging in a community-based cohort of older subjects.
Methods Study Population
Participants were from the ICELAND MI (Imaging Cardiac Evaluation to Locate Areas of Necrosis and Detect MI) study, which is a sub-study of the Age, Gene/Environment Susceptibility (AGES)-Reykjavik Study (n=5764). 14 The AGES-Reykjavik study is a population-based cohort of men and women born between 1907 and 1935 in Iceland. This study was approved by the National Bioethics Committee in Iceland that acts as the institutional review board for the Icelandic Heart Association and by the National Institute on Aging intramural institutional review board. Participants in the AGES-Reykjavik study were enrolled from 2002 to 2006. Details of inclusion procedure for the AGES-Reykjavik study have been reported previously. 15 To be eligible for the sub-study participants should be free of contraindications for MRI scanning and gadolinium contrast injection. All participants gave informed consent for this sub-study. The overall study goals and study design of the ICELAND MI study have been described previously.
14 Participants in the ICELAND MI cohort were recruited in 2 phases. The first phase involved random recruitment and a second phase recruited all eligible and willing participants with diabetes. For the phase 1, 839 individuals were invited and 702 enrolled. In the second phase, all 421 eligible participants with diabetes were invited and 290 people enrolled. Of the enrolled subjects, 34 participants had non-diagnostic cardiac MRI scans due to arrhythmia or inability to hold their breath (n=14), claustrophobia (n=7), inability to gate cardiac images (n=3), technical issues with reconstruction and data transfer (n=9), or artifacts from spinal implants (n=1). For 5 participants data on the brain outcomes were not available leaving a final cohort of 931 participants (including 671 from phase 1 and 260 from phase 2) for this analysis.
Cardiac MRI and Hemodynamic Parameters
Cardiac magnetic resonance scans were performed on a study-dedicated 1.5-T Signa Twinspeed system (GE Healthcare) using a 4-element cardiac-phased array coil. 
Brain Imaging
All the participants underwent a high-resolution brain MRI on the same 1.5-T system. The imaging protocol has been described previously 15, 16 and included 3D spoiled-gradient recalled T1-weighted, fast spin echo proton density/T2-weighted, fluid-attenuated inversion recovery (FLAIR) and echo-planar imaging gradient echo T2*-weighted sequences. All images were acquired to give full brain coverage with slices angled parallel to the anterior commissure-posterior commissure line in order to give reproducible image views in the oblique-axial plane. Total brain, white and grey matter, and white matter hyperintensity volumes were computed automatically with the AGES-Reykjavik/Montreal Neurological Institute pipeline, which accommodates full brain coverage including cerebellum and brainstem, includes multispectral images (T1-weighted 3D spoiled-gradient recalled sequence, FLAIR and proton density/T2-weighted fast spin echo sequences), and is high throughput and with minimal editing. Data on manifestations of cerebral small vessel disease including white matter hyperintensities, infarcts, and cerebral microbleeds (CMB) were obtained. The segmentation pipeline, its components and accuracy has been described in detail elsewhere. 17 White matter hyperintensities were considered present in regions where signal intensity was higher than that of normal white and grey matter on both T2-weighted and FLAIR images. Infarcts and CMB were evaluated qualitatively according to a standardized protocol that required a neuroradiologist to identify the parenchymal defects and radiographers who entered additional data on slice, location, and image characteristics. Infarcts were defined as a defect of the brain parenchyma with signal intensity equal to cerebrospinal fluid on all pulse sequences (FLAIR, T2-weighted, proton density weighted). CMB were defined as focal areas of signal void within the brain parenchyma that (1) are visible on T2*-weighted GRE-EPI images, (2) are smaller or invisible on T2-weighted FSE images ("blooming effect"), (3) are not abutting a parenchymal defect, and (4) do not show any other structure in the area of signal void. Depressive symptoms were assessed using the 15-item Geriatrics Depression Scale (GDS-15). 24 The GDS-15 is a well-established screening tool to detect depression symptomology in older persons and scores of 6 points and higher is considered to have high depression symptomology. 25 
Cognitive Function and Depressive Symptoms

Other Covariates
Level of education and smoking status were assessed by questionnaire. Diabetes was defined as a history of diabetes, use of glucose-modifying medication, or fasting blood glucose of 7 mmol/L. Hypertension was defined as measured systolic blood pressure 140 mm Hg or diastolic blood pressure 90 mm Hg, or self-reported doctor's diagnosis of hypertension, or using antihypertensive medications. History of stroke was recorded using questionnaires and medical reports. Prevalent coronary heart disease was defined as self-reported history of coronary artery disease or coronary artery bypass surgery or angioplasty or angina pectoris on the Rose Angina Questionnaire, hospital records or evidence on electrocardiogram (ECG) of possible or probable myocardial infarction. The diagnosis of atrial fibrillation was made by a twelve lead ECG performed during the AGES-Reykjavik study comprehensive examination based on Minnesota code 8-3-1. Additionally, hospital discharge diagnosis codes from all hospitals in Reykjavik from January 1987 until the day of the study examination were reviewed for the diagnosis of atrial fibrillation (ICD-9 code 427.9 or ICD-10 code I48).
Statistical Analyses
Characteristics of the study participants are reported as mean (standard deviation) for continuous variables and number (percentage) for categorical variables. GDS score is reported as median (interquartile range) since it was not distributed normally. The association between hemodynamic parameters and continuous outcomes was estimated with linear regression models, and with logistic regression models when the outcomes were dichotomous. We performed our analyses in 2 steps. In the first step all the analyses were adjusted for age and sex. In the second step, all analyses were adjusted for age, sex, as well as the other potential confounders 26 including education, smoking status, hypertension, diabetes mellitus, prevalent coronary heart disease, stroke, total cholesterol, body mass index, atrial fibrillation, and systolic blood pressure. For the association between hemodynamic parameters and brain volumes, analyses were additionally adjusted for intracranial volume. To account for the oversampling of diabetics that resulted from our 2-stage sampling (first phase random selection and in the second phase persons with diabetes), we applied inverse probability weighting method. This method adds a weighting variable to the statistical models to address the issue that subjects with diabetes were over-represented in the sample. All the probability values were calculated using cardiac hemodynamics as continuous variables. Analysis of covariance was used to calculate the adjusted means and standard errors for the brain volumes and cognitive scores in tertiles of hemodynamic parameters. All analyses were conducted using SAS statistical software, version 9.3 (SAS Institute, Cary, NC).
Results
Mean age of participants was 75.9 years and 47.7% of them were male. Average values for LVEF, LVSV and CO were 60%, 62 mL, and 4 L/min, respectively (Table 1) . Descriptive data for those randomly selected and those with diabetes are provided in Table 2 .
As presented in Table 3 , multivariable analyses showed that each 10 mL lower LVSV was associated with 4.4 mL (95% CI 1.9 to 6.9) lower total brain parenchymal volume and 3.7 mL (95% CI 1.8 to 5.7) lower gray matter volume. Likewise, each unit (L/min) lower CO was associated with 3.9 mL (95% CI 0.4 to 7.4) lower total brain parenchymal volume and 3.9 mL (95% CI 1.2 to 6.7) lower gray matter volume. Lower LVSV and CO were not associated with white matter volume and we found no association between LVEF and any of the brain volumes we examined (all P>0.05).
Adjusted mean values of the brain volumes in tertiles of LVEF, LVSV, and CO are presented in Table 4 .
We found no associations between cardiac hemodynamic parameters and manifestations of cerebral small vessel disease (Table 5 ) (all P>0.05). This was the same for ageand sex-adjusted models as well as multivariable adjusted models. In multivariable analyses lower LVEF was associated with worse performance in executive function (P<0.001) ( Table 6 ). Lower LVSV was associated with worse performance on processing speed (P=0.043) and executive function (P<0.001) tests. Likewise, lower CO was associated with worse scores in processing speed (P=0.015) and executive function (P=0.003). Adjusted mean values of the cognitive scores in tertiles of LVEF, LVSV, and CO are presented in Table 7 .
In age-and sex-adjusted analyses, lower LVEF, LVSV, and CO were not associated with depressive symptoms (Table 8) .
Further adjustment for cardiovascular risk factors did not change the associations. We observed that each 10 mL lower LVSV was associated with 1.24-fold (95% CI 0.99 to 1.57) higher risk of cognitive impairment and each unit lower CO was associated with 1.40-fold (95% CI 0.99 to 2.00) higher risk of cognitive impairment. All these associations approached statistical significance independent of sociodemographic and cardiovascular factors.
To test whether the association of cardiac hemodynamic parameters with brain volumes and cognitive functioning was the same in the groups of randomly selected subjects and diabetic patients, we performed a series of stratified analyses and found similar associations (all P for interactions >0.05) ( Tables 9 and 10 ). In a sensitivity analysis, we excluded participants who had significant carotid stenosis (n=9) and observed that the associations remained essentially unchanged (data not shown). In addition, we excluded subjects in the lowest decile of the cardiac hemodynamic parameters and observed that the associations between hemodynamic parameters and features of brain aging did not essentially change (data not shown).
Discussion
Findings of this study suggest that a graded decrease in cardiac functioning, as reflected in cardiac hemodynamics, is associated with lower brain volumes and cognitive performance. The associations between cardiac hemodynamics and brain measures were independent of socio-demographic and cardiovascular factors.
An increasing body of evidence indicates that patients with advanced heart failure carry a higher risk for manifestations of brain aging including gray matter loss, white matter hyperintensities, infarcts, and cognitive impairment. 9, [27] [28] [29] Recently, it has been proposed that not only Microbleeds, n (%) 110 (11.9) subjects with advanced heart failure but also those with suboptimal cardiac functioning might be at higher risk for accelerated brain aging. 8 A limited number of studies tested this hypothesis in community-dwelling older adults. In a cohort of individuals from the Framingham Offspring Study with a mean age of 61 years, Jefferson et al showed that higher cardiac index was associated with higher total brain volume but they could not demonstrate a clear association with most of the neuropsychological measures acquired in the study. 12 However, the interpretation of those findings is hampered because brain outcomes were assessed about 4 years before cardiac MRI measurements. On average, that cohort is also younger than our study population. In an another study, middle aged to elderly subjects in the lowest and highest quintile of the LVEF showed worse performance in memory and executive functioning as well as visuoperceptual abilities compared with the reference groups. 13 In our cohort, with a mean age of 76 years, we showed that lower cardiac hemodynamic parameters, in particular stroke volume and cardiac output, were strongly associated with structural brain changes including lower total brain volume and gray matter volume as well as functional brain abnormalities including worse performance in processing speed and executive functioning. Moreover, we showed that lower stroke volume and cardiac output are associated with higher risk of mild cognitive impairment or dementia. We observed that lower cardiac output, in contrast to lower stroke volume, was not associated with memory function. Given that cardiac output is calculated by stroke volume multiplied by heart rate, and heart rate decreases with increasing age, it is possible that in older subjects stroke volume has a better predictive value for brain outcomes and in particular for memory function. Consistent with our findings, Jefferson et al did not show an association between cardiac index, derived from cardiac output, and volume of hippocampus which is greatly involved in memory function.
12
Different mechanisms may explain a link between impaired cardiac functioning and brain. One possibility is shared co-morbidities and vascular risk factors. 30 That could, on the one hand, impair cardiac functioning and on the other hand, lead to brain structural and functional abnormalities. 31 Available evidence for the importance of early recognition and management of vascular risk factors such as hypertension in prevention of cardiovascular and cerebrovascular events support this notion. 32 However, we observed that adjustment of the analyses for established vascular risk factors did not essentially change our findings except for depressive symptoms. It is also possible that the decline in cardiac functioning and brain aging are epiphenomenon and they are not causally related. While this possibility cannot be totally excluded, previous populationbased cohort studies on older people free of dementia showed that subjects with heart failure are at a significantly Model 1: adjusted for age and sex; Model 2: adjusted for age, sex, education, current smoker, history of hypertension, diabetes mellitus, systolic blood pressure, prevalent coronary heart disease, stroke, total cholesterol, body mass index, atrial fibrillation. AGES-RS indicates age, gene/environment susceptibility-Reykjavik Study; CO, cardiac output; LVEF, left ventricular ejection fraction; LVSV, left ventricular stroke volume; MI, myocardial infarction. *Betas represent change in the brain volumes for each 10% lower LVEF, 10 mL lower LVSV and 1 L/min lower CO.
higher risk for developing dementia. 29 As an alternative explanation, impaired cardiac functioning could result in a decreased cerebral blood flow and consequently longstanding cerebral hypoperfusion, via neuronal loss and injury, put the brain at higher risk for structural and functional abnormalities. 33 In line with this hypothesis, it has been shown that interventions to enhance left ventricular functioning improve cognitive performance in patients with heart failure. 10 In this study we observed that lower cardiac functioning was not related with markers of brain small vessel pathologies. This finding might indicate that long-term decreased cardiac functioning mainly influences neuronal energy homeostasis, which ultimately results in neuronal cell death and brain tissue loss. Although a role for cerebral hypoperfusion as a mediator in the association between cardiac functioning and brain aging seems plausible, further research is needed to confirm this hypothesis and we are not able to establish a causal relationship only based on our observational data. This study has certain strengths and limitations. A relatively large cohort of community-dwelling older individuals with available data on cardiac functioning assessed by cardiac MRI, which is a reliable method and less operator dependent modality compared with conventional echocardiography, 34 can be marked as the main strengths of this study. In addition, we had an extended set of data on structural and functional features of brain aging. A possible limitation is that our study population consists of randomly selected individuals as well as a group of individuals with diabetes. However, adjustments of the analyses for diabetes mellitus minimally changed the associations and the stratified analyses showed that the association between cardiac hemodynamics and brain measures was similar in both groups. As another limitation, due to the crosssectional design of this study, it is not clear whether changes in cardiac hemodynamics preceded changes in brain measures. This highlights a need for future longitudinal studies to investigate whether disturbances in cardiac hemodynamics are also associated with progression of the structural and functional brain pathologies. Participants in this study were Caucasian, which may limit extrapolation of our findings to the other race/ethnic groups.
In conclusion, our findings suggest that suboptimal cardiac functioning, independent of conventional cardiovascular risk factors, is associated with structural and functional features of brain aging in community-dwelling older subjects. Previously, we have shown that coronary artery calcification is associated with structural and functional features of brain aging. 35 While coronary artery calcification is more reflective of vascular function and cumulative measure of atherosclerosis, in this study we focused on cardiac function. Findings of current study confirms that disturbances in cardiac hemodynamics independent of cardiovascular risk factors and comorbidities are linked with adverse brain outcomes and interventions directed to maintain cardiac function in old age might have implications for preservation of brain function and structure. The cross-sectional associations suggest that elderly patients presenting with cardiac or cognitive signs and symptoms may have both cardiac and cerebral disease and should be evaluated accordingly. Further, since there is a wider formulary for treating cardiac problems than there is for cognitive problems, clinicians treating cardiac problems should monitor a patient's cognition along with cardiac function. This is consistent with recent recognition and recommendations by the AHA that cardiovascular risk factors lead to vascular cognitive impairment. 26 Future longitudinal and experimental studies will unravel the temporality and pathogenic mechanisms behind this association.
